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SUMMARY 
As one of the most important and widely used manufacturing technologies nowadays, 
inkjet printing technology is being developed and improved in a rapid speed in order 
to meet the progressively higher requirement and development in manufacturing and 
fabrication demands. With competitive advantages of the precisely delivered drop 
volume and controllable drop deposition, Drop-on-demand (DOD) inkjet printing is 
considered to be one of the promising methods during both lab experiments and 
factory manufacturing in the field of Rapid Prototyping. Through years’ research 
work in the past decades, there are two main forms in DOD printing systems. The 
DOD micro-dispensing system is a system widely used in current lab experiments, 
which functional electric and bio-devices are required to be printed in a layer-by-layer 
manner. Meanwhile, Piezoelectric Print is also another form of Drop-on-Demand 
printing, whose print head makes use of the piezoelectric nature to induce stress while 
a voltage signal passes through it to dispense ink. The objective of this thesis is to 
design and develop a tool of software for engineers in the lab to communicate with 
the machine when the experiments are prepared and being in process, i.e., Graphic 
User Interface (GUI) based on OpenGL. 
First of all, based on the analysis of the functions and structure of a GUI system and 
the comparison of Pro/E (Pro/Engineering) technology and OpenGL (Open Graphics 
Library) technology, an OpenGL-based GUI system is proposed and its functional 
modules are developed. 
Secondly, the GUI based on OpenGL allows the user to simulate the whole course of 
experiment, and is also able to monitor the entire process of manufacturing progress. 
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At the same time, this GUI supplies a method for user to do layer cutting through 
dividing a three-dimensional model into two-dimensional layer and one-dimensional 
line, which contributes convenience and accurateness in applications. Finally, this 
three-dimensional model has been analyzed to be various parameters of print head 
nozzle tip in order to extract main detail information from the three-dimensional 
model such as its length, area, volume and shape. These parameters extracted would 
help to confirm the exact position of XYZ-axis coordinate in the DOD machine and 
achieve to print three-dimensional model accurately point by point, line by line, and 
finally layer by layer. In order to achieve the consistency in the droplet produced by 
the printing head nozzle tip, the entire process would be under monitoring of another 
function of GUI: OpenGL, which is another key aspect of GUI software with two 
important functions: Simulation and Monitor.  
Thirdly, in order to meet the needs of different users, this GUI is designed to work on 
any computer. This flexibility allows for change of computer being used in lab 
experiments, corresponding with the development of computer system and software 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Rapid Prototyping (RP) is a solid freeform fabrication technology that constructs 
objects using additive manufacturing method. Based on the concept of material 
addition, physical objects are designed to be built by adding materials layer by layer. 
Computer-aided design (CAD) is firstly used in the RP system to establish a three-
dimensional (3D) model of the object. The RP machine reads the data of the 3D 
model generated from the CAD drawing and analyzes the parameters of the 3D 
model, in order to construct the corresponding 3D structure with successive layer in 
the following step. Following this manner, the 3D model is gradually converted into 
2D data by slicing and printing out layer by layer into a solid physical object. In this 
way, the RP machine is able to build parts with complicated shape or geometric 
features without using tools or molds. The flexibility of this method allows more 
effective communication between design and manufacturing, at the same time, 
product developing time and cost can be reduced effectually in maximum degree. 
 
Inkjet Printing (IJP) is an additive manufacturing process with data-driven and direct-
write. It shows some advantages including high resolution with deposition of micro 
and nano liter droplet volumes at high rates, mask-free processing, ease of material 
handling, micro to nano scale fabrication, and low cost compared to other fabrication 
methods. Because the process is flexible and straightforward, savings on prototype 
building time and materials waste can be achieved. The operating temperature of this 
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process spans a wide range, from about -110℃ to 370℃. A high resolution of about 
15m to 200m diameter dispensed droplets can be obtained with frequencies of 
about 1Hz to 1MHz [1]. There are generally two types of inkjet printing: continuous 
inkjet printing (CIJ), and drop-on-demand inkjet printing (DOD). In the field of DOD, 
drops are only required to be ejected when needed for printing is based on pulses 
applied to the dispenser in a certain specified position. The development and 
application of Graphic User Interface (GUI) for all experiments and fabrications 
presented in this thesis are done based on DOD method. 
 
DOD system is a subsidiary component of the IJP system. Due to its nature of 
dispensing droplet only when required, a DOD system can be used to construct an 
object by direct printing onto substrates, electric and bio-devices in a layer-by-layer 
manner. To this end, users need an interaction and communication with the DOD 
system to confirm the specified position of every droplet during building object. 
Designing a GUI for a DOD machine to obtain specified requirements for 
constructing the object is certain to be done based on users’ requirements. At the same 
time, this form of ‘stacking’ allows structures of any shape and any size to be printed 
on any materials. However, a consistent printing is necessary when it is required to 
achieve integrity of the structure printed. Consistency is only considered to be 
achieved when the droplets dispensed by the printer are uniform and even throughout 
when printed on the materials. Consistent printing is difficult to achieve without 
proper feedback and calibration to the printer. Thus, a GUI system is necessary to be 
able to provide this feedback and calibration in order to achieve consistency in the 
droplets dispensed by the DOD system. 
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1.2 Challenges 
In this thesis, a GUI is designed and developed for users to communicate with a DOD 
machine when the users conduct experiments. It contains two additional functions 
besides users’ daily use, simulation and monitoring which are controlled by software 
program commands. 
 
One of the challenges of developing the GUI is to correctly control the movements of 
the stage and motors by programming commands. At the same time, it is required to 
build a communication bridge between the hardware and the software by TTL signals. 
The software of the system consists mainly of the computer program which is able to 
control the movements of the machine stage and nozzle-printing by issuing 
commands to dispense the droplets, and to analyze the obtained parameters of the 
droplets in order to extract the necessary information. After extracting the 
information, it is easy and clear for users to indicate the possible errors via GUI 
shown on the computer screen, and then the users can make some adjustments of the 
parameters of the droplets dispensed in order to do the calibrations and produce the 
droplets expected in coming steps. 
 
In order to develop such a system, it is necessary to understand how the DOD system 
works. The users also need to understand how the GUI works and its operating 
parameters that the users have to set, in order to be able to produce the droplets and 
objects correctly.  
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In this project, knowledge of computer programming language and GUI theory is also 
necessary for writing a program which is able to interact between users and the RP 
machine as well as to be able to write the necessary OpenGL program for extracting 
information from the droplets. Since the hardware of this RP machine is supported by 
C Sharp (C#) program; C# is decided to be the first choice to do programming for 
designing the GUI. Meanwhile, another challenge is that the author needs to look for a 
method to maintain consistency throughout the entire GUI program.  
 
Furthermore, the RP machine has multi-nozzles. As one of the users’ requirements, 
this GUI is designed to be able to help print a multiple material structure. The key 
challenge of printing a multiple material structure is the compatibility of the printing 
materials. In certain cases, it is required a cross-linking of the printing material, such 
as in the fabrication of scaffold in bio-medical application, and then the cross-linking 
agent dispensed from another nozzle is expected to regulate intermolecular covalent 
bonding between polymer chains of the printing material. In other examples, mixing 
of printing materials is not allowed to happen to prevent malfunction of the end 
product. One example would be printing of electronic devices like capacitors, which 
consist of a conductive portion and insulated portion. More attentions have to be paid 
in order to ensure the conductive material used for printing the top and bottom 
electrode is completely separated by the dielectric material in-between.  
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Secondly, another problem is the different curing time or method required to cure the 
layer of printed materials on the substrate. Different material has different curing time 
and curing temperature. While some require curing by heat, others may require UV 
curing. The droplet sizes from different dispensers are different from each other as 
well, causing curing time to be different, even if both solvents are the same. 
Meanwhile, when printing multi-layered structure, users have to make sure that the 
underlying area is completely cured first before the next layer being printed, in order 
to prevent the printing materials tend to mix (but not necessary form a chemical 
reaction) and merge into a blob of liquid. Therefore, this is an attention that both 
printing materials use the same kind of solvent. To help users obtain this goal, this 
GUI is required to achieve real-time communication with users, and the requirements 
of the functions are of little error and fully reaction shown on the computer screen. At 
the same time, connection between the software and hardware is certainly important 
to allow the GUI to work according to the programming orders which are set by users.  
 
Thirdly, different materials are only compatible with exact type of dispenser and mode 
of dispensing. For instance, highly viscous material such as sodium alginate is more 
suitable for positive pressure dispensing by micro-valve dispenser while its cross 
linking agent “calcium chloride solution” is more suitable for negative pressure 
piezoelectric-actuated dispensing to prevent breaking up of the underlying layer. 
Therefore, it is important that the selection of printing materials is compatible with 
one another and the chosen dispenser. As a result, the author has to design multi-
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nozzle interface component for different dispenser in order to help users memorize 
different material dispensed. The GUI developed in this thesis is also designed to 
dispense multiple materials in one experiment. 
1.3 Research Objectives 
The main objective of this thesis is to develop a GUI based on OpenGL for the 
multiple nozzles, multiple material DOD system in CIMOS Lab through which future 
similar system could be based on. 
In this thesis, the main objectives will be achieved through the fulfillment of the 
following two tasks: 
 Develop a software for the DOD system, particularly the user interface, from a 
single-dispenser one to a multiple-dispenser (at least 2) one. 
 Verify an entire GUI system which can conduct simulation and monitoring 
during experiments with integration of all hardware and software in control 
the DOD system. 
 
1.4 Organization of the Thesis 
The layout of this thesis is organized as follows: 
 Chapter 2 introduces DOD IJP technology. Literature review based on drop 
generation simulation and experimental study is provided. 
 Chapter 3 discusses the history and development of Graphic User Interface in 
past decades, and introduces the previous GUI for RP machine in the CIMOS Lab. 
  7 
 
 Chapter 4 describes the software setup before developing the GUI system. 
 Chapter 5 shows the methods and applications of designing and developing GUI 
based on OpenGL which helps users to thoroughly know the whole producing 
process when the RP machine works. Before producing objects, the GUI can help 
users to simulate the working process; at the same time, the users can adjust the 
parameters accordingly in order to successfully manufacture the objects. During 
manufacturing, the users can also monitor the entire procedure and quick judge 
whether there is a need to stop the RP machine and make some adjustments. In 
this chapter, there is also a need to discuss the experimental setup and results of 
study of the piezoelectric print head and micro-valve dispenser in order to discuss 
the application of this GUI system. Related issues which have influences on drop 
generation are discussed and the vital parameters are identified and investigated. 
Results based on the parameters selection and optimizations are presented. 
 Chapter 6 provides conclusions and recommendations for future work.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction to Inkjet Printing 
Inkjet Printing is used in additive manufacturing processes as it is data-driven and can 
be printed onto any material. It creates a digital image by depositing small droplets of 
ink from a reservoir onto the substrate.  
Inkjet Printing is flexible and has a high level or precision of around 10µm. As a wide 
variety of metals, polymers and bio-materials can be used, products such as printed 
electronics, conductors and biomedical devices can be created. Inkjet Printing creates 
the final product by depositing ink droplets from a small nozzle onto the substrate 
without any direct contact and in a dot-matrix pattern [2]. One of the most common 
forms of Inkjet Printing is for printing of data onto a sheet of paper.  
Inkjet Printing can be sub-divided into two categories. One category is Continuous 
Inkjet Printing while the other is Drop-on-Demand Inkjet Printing. Although both 
types are considered inkjet printing, their usage and applications differ greatly. The 
next two sections elaborate on the two forms of inkjet printing and their areas of 
application. A structure of inkjet printing is shown in Figure 2.1. 
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Figure 2.1 Structure of Inkjet Printing technologies 
2.1.1 Advantages of inkjet printing 
As inkjet printing is an additive manufacturing process, it prints the required design 
and keeps material wastage low [3]. It also does away with the use of photo masks 
which are commonly used in traditional image printing manufacturing. The non-
contact process eliminates any wear and tear on the print head.  
2.1.2 Disadvantages of inkjet printing 
As inkjet printing prints in a dot-matrix pattern, high surface roughness is a common 
occurrence. Lack of uniformity is also an issue when layers are stacked on each other, 
and high control over the dispensing of droplets is needed to overcome this issue. 
2.2 Drop-on-Demand Inkjet Printing 
The DOD inkjet printing dispenses the ink only when required. Thus, there is no need 
for any catcher and electric field to charge the droplets. DOD inkjet printing is further 
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categorized into thermal, electrostatic, and piezoelectric. Most available DOD systems 
use either the thermal or piezoelectric printing as these are cheaper to manufacture.  
Although the DOD inkjet printing does not have the unreliability of a re-circulation 
system, clots may occur due to the start-stop nature of DOD. However, as it does not 
require a re-circulation system, nor does it make use of electric field to deflect 
droplets, DOD inkjet printing does not require electrically conducting fluid. This 
allows the use of fluids for printing bio-medical devices. Furthermore, there is no 
longer the issue of possible contamination of the reservoir as ink dispensed will not be 
re-circulated back. DOD inkjet printing also uses less ink compared to the continuous 
inkjet printing due to absence of re-circulation system. Figure 2.2 shows the DOD 
stage with 2 nozzle tips. 
 
Figure 2.2 The DOD inkjet printing stage 
2.2.1 Piezoelectric printing 
There are 4 categories of piezoelectric printing: bend, push, shear, and squeeze. These 
XYZ motion stage 
Drop-on-Demand Inkjet nozzle 
which can be moved in the Z-axis 
Stage Frame 
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methods utilize the piezoelectric material which creates pressure when voltage is 
passes through it. In the bend method, piezoelectric ceramic plates are bonded to a 
diaphragm which is used to force out droplets. In the push method, a piezoelectric rod 
is placed above a membrane and pushes droplets down through the nozzle when 
voltage is applied. The shear method uses the piezoelectric material in direct contact 
with the ink and forces it out when the material shears while deforming against each 
other. The squeeze method consists of the piezoelectric material surrounding the ink 
tube and dispenses droplets by expanding and forcing the droplets out. Figure 2.3 




Figure 2.3 Diagram of DOD printing 
 
2.3 Continuous Inkjet Printing 
Continuous Inkjet Printing is the earliest printing method used in the old generation of 
Inkjet Printing devices. The first patented idea was proposed by Lord Kelvin in 1867, 
and first commercial product was introduced by Siemens in 1951.  
Droplet to be 
monitored 
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In this method, in order to form a continuous jet of the liquid ink, a pressure is being 
applied to the ink chamber with a small orifice at one end. The surface tension effects 
cause a fluid jet inherently unstable and make it break up into droplets. This 
phenomenon was firstly noted by Savart in 1833 and described mathematically by 
Lord Rayleigh [4]. If surface tension force is the only one impacting on the free 
surface of the jet, it will break up into droplets of varying size and velocity; otherwise, 
the jet will break up into droplets of uniform size and velocity while a periodic 
perturbation of an appropriate frequency is applied to the liquid, typically using a 
piezoelectric transducer. The droplets separate from the jet in the presence of a 
properly-controlled electrostatic field which generated by an electrode that surrounds 
the region where break-off occurs. As a result, an electric charge can be induced on 
the drops selectively. Subsequently, when the droplets pass through another electric 
filed, the charged droplets are directed to their desired location on the substrate to 
form an image; those uncharged droplets will drift into a catcher for recirculation. 
Continuous Inkjet Printing can be further subdivided into binary deflection and 
multiple deflection method according to the drop deflection methodology. Figure 2.4 
and Figure 2.5 show the schematic diagrams of binary deflection and multiple 
deflection continuous mode IJP system respectively. 
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Figure 2.4 A Binary-Deflection Continuous Inkjet System [5] 
 
 
Figure 2.5 A Multilevel-Deflection Continuous Inkjet System [5] 
 
2.4 Summary 
All research projects documented in current work utilized DOD-IJP, particularly 
piezoelectric printing and positive pressure micro valve printing. A DOD system or 
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device dispenses droplets of materials only when at a specific location on the 
substrate [6] that is usually predetermined by the user. The DOD principle eliminates 
the need for drop charging and a drop deflection system, as well as does away with 
the unreliable ink recirculation system required by Continuous IJP. Currently, most of 
the industrial and research interest in IJP are in the DOD methods. 
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CHAPTER 3 OVERVIEW OF THE DOD GUI DEVELOPMENT 
3.1 Introduction to Graphic User Interface 
In computing, a graphical user interface (GUI) is a sort of user interface (UI) allowing 
users to do communication with electronic devices (such as computer and CNC 
machine) through using a group of images instead of doing groups of programming 
commands. GUIs can be operated in computers, gaming devices or portable media 
players, hand-held devices such as mobile phones, office equipment like printers, and 
household appliances. In contrast to typed command labels, text-based interfaces or 
text navigation, a GUI has established a model containing the information and actions, 
and also supplied availabilities of operation to a user through visual indicators and 
graphical icons. The actions are usually performed through direct manipulation of the 
graphical elements [7]. 
The term GUI is restricted to the scope of 2D display screens with display resolutions 
able to describe generic information, in the tradition of the computer science research 
at the PARC (Palo Alto Research Center) [8]. It is rarely applied to other low-
resolution types of interfaces that are non-generic, such as video games, or not 
restricted to flat screens, like volumetric displays [8]. 
3.1.1 Precursors to GUIs 
In order to develop the function of text-based hyperlinks operated with a mouse for an 
on-line system, a precursor to GUI has been figured out and created by a group of 
research engineers in the Stanford Research Institute, under the leading of Douglas 
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Engelbart. The model of hyperlinks has been also improved and extended to graphics 
by research engineers from Xerox PARC, where a GUI was manipulated as primary 
interface for Xerox Alto computer. Most of nowadays’ modern general purpose GUIs 
are derived from this specified system. 
Based on the specified system mentioned above, a pointer-based system named 
“Sketchpad” was developed by Ivan Sutherland in 1963. It was operated by a light-
pen to guide the creation and use of objects in engineering drawings. 
3.1.2 PARC UI 
The PARC user interface was built up by a group of graphical components such as 
icons, radio buttons, text boxes, check boxes, menus and windows. It also suggested a 
pointing device besides a keyboard. These elements could be emphasized by using the 
alternative acronym WIMP that is short for windows, icons, menus and pointing 
device. 
3.1.3 Evolution of GUIs 
The Xerox 8010 Star Information System was invented as the first GUI based 
computer by PARC in 1981 as shown in Figure 3.1. The first personal computer based 
on GUI operating system was invented by Apple in 1983, named “Apple Lisa”. They 
made improvements in their next generation “Apple Macintosh 128K” in the coming 
year. The Atari ST and Commodore Amiga were also followed their steps in 1985. 
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Figure 3.1 The first commercial GUI operating system: the Xerox Star 
Workstation [9] 
The early GUI commands, until the advent of IBM Common User Access [10], used 
different command sequences for different programs. A group of commands were 
developed by the engineers, and function keys were also defined to help quick control 
in systems. Meanwhile, the same function key was given different commands in 
different controlling platforms. Even nowadays, different keystrokes are calling for 
completely different commands from one system to another. The keyboard overlays 
provide the users various named keys with specified applications. Taking the 
“Control-Alt-Delete” interface as an example, its function is defined to intercept in 
Windows while it is given to invoke the task menu in Ubuntu. Otherwise, the function 
is required an automatic shutdown in other UNIX PC-systems. 
Today the most familiar daily use of GUIs in people’s daily life is mainly Microsoft 
Windows and Mac OS X interfaces for personal computers. A group of new handheld 
devices called “smartphone” is also with a GUI based system various from different 
mobile phone companies. Apple’s IOS is the most well-known among these GUI 
based system in these recent years. It is famous for its simple operated and pretty GUI 
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views. And there are also some other GUI based systems, such as Android, Windows 
Phone, Blackberry OS, and Symbian. 
In a conclusion, Xerox established a group of ideas in the development of GUI based 
products, and Apple, IBM and Microsoft completely manipulated its thoughts to 
develop their own generations. At the same time, IBM's Common User Access 
specifications provided the foundation of the user interface displayed in Microsoft 
Windows, Windows Manager, the Unix Motif Toolkit and IBM Presentation Manager. 
All these ideas were indicated a fact that current versions of user interface such as 
Microsoft Windows and Mac OS X were invented as a result of evaluations. However, 
these current GUIs also have their own specified styles for the various users. 
3.2 Components of GUI 
GUI provides a platform for users to communicate with devices by combining devices 
and technologies, and then the users can do real-time interaction upon the information 
gathered and produced from the tasks. It is defined by a group of visual language 
symbols in order to let people with rare skills in computer work with computer 
software more easily. The WIMP ("Window, Icon, Menu, Pointing device") paradigm 
becomes the most general combination of such aspects in GUIs with the development 
of personal computers. 
In the WIMP idiom, interaction firstly makes use of a fundamental input device to 
command the movements of a pointer, and all functional commands are designed to 
put together in a suggested order in menus. After performing the actions with pointing 
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device, the interaction displays data messages analyzed in windows and shown with a 
series of icons. During this process, a windows manager plays a role of reducing the 
difficulty of the interactions between each related components, such as windows, 
applications and the windowing system. Among these parts, the windowing system 
mainly manages hardware devices like graphics hardware and pointing devices. 
3.3 User Interface and Interaction Design 
Software programming for GUI is an important task during doing interaction between 
users and machines. Proposing a visual look and designing workflow of the GUI are 
the two main parts, in order to make it easier to handle and improve efficiency to call 
for cooperation with underlying logical design of an existed and usable program. 
User-centered design and innovation are put forward during these procedures to make 
sure that the functional design for visual language can be well linked and customized 
to the tasks. 
The visible graphical interface features of an application are sometimes referred to as 
"chrome" [11] [12]. A good user interface design is built up upon user’s needs instead 
of the system architecture. Visual widgets allow for the user’s proper communication 
with the underlying logical files during interaction. As a result, a group of widgets in 
a well-customized user interface are chosen to help achieving user’s expectations. 
Some engineers have advanced a model-view-controller which allows for a flexible 
structure so that the interface can be indirectly linked to and independent from 
application functionality. Therefore, the user can be allowed to design and select their 
  20 
 
own tailored interface’s properties, as well as reduce the difficulty of developer’s 
work accompanied by the evolution of user’s requirements. A good user interface 
usually includes sorts of widgets, such as windows, which supplies a container for 
small functional parts like web page, message and drawing. User-input tools are also 
one type of the smaller widgets.  
There are some examples listed below to show the customized GUIs which are 
designed based on the marketing requirements. These application-specific GUIs are: 
 Automated Teller Machines (ATM) 
 Global Position System in cars(GPS) 
 Point-Of-Sale touchscreens at restaurants [13] 
 Self-service checkouts System in retail stores 
 Airline self-check-in machine in airports 
 Information Display Board in public places, such as shopping mall and library 
 Monitors or control screens in an embedded industrial application which 
employs a real-time operating system (RTOS). 
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3.4 Comparison to Other Interfaces 
3.4.1 Command line interfaces 
 
Figure 3.2 Modern command line interfaces [14] 
GUIs were introduced in reaction to the perceived steep learning curve of command-
line interfaces (CLI) [15] [16], which require commands to be typed on the keyboard 
(see Figure 3.2). Because numerous commands can be shown in the command line 
interfaces, complicated operations can be put forward by manipulating a group of 
symbols and words. This allows for greater efficiency and productivity once many 
commands are learned [15] [16]. However, it is uneasy to discover and memorize the 
command words during operations, so more time is needed to achieve the level 
mentioned. Moreover, long commands, different parameters and filenames are needed 
to enter into the command line systems at once; as a result, the tasks can usually be 
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done by users very slowly and error-prone. Then the WIMP shows its advantages to 
solve these problems, because it presents the users with numerous widgets and can 
trigger available commands in the system at the same time. 
On the other hand, GUIs can be designed extremely hard when dialogs are buried 
deep in the system or moved from places to places. The availability for users to 
compose dialog boxes is reduced correspondingly. CLIs can only manipulate modes 
in limited forms like current directory and environment variables, while WIMPs use 
these throughout as the meanings of all clicks and keys on pointed positions are 
redefined on the screen.  In modern operating systems, both a GUI and part of a CLI 
are provided at the same time, but the GUI is usually paid more attention. This GUI is 
normally WIMP-based. 
Furthermore, applications can also provide both interfaces occasionally, and a WIMP 
wrapper is usually manipulated with the command-line version while doing the GUI. 
This status is particularly common in Unix-like operating systems. The latter allows 
the engineers to keep their eyes mainly on the products’ functionalities without 
confused about the details of interfaces such as icons or buttons, so it used to be 
implemented in past era. Writing programs in this way also allows users to run the 
program non-interactively. 
3.4.2 Three-dimensional user interfaces 
For typical computer displays, 3D UI is a misnomer, because their displays are two-
dimension. However, most graphical user interfaces semantically manipulate three 
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dimensions - in addition to heights and widths, they have offered a third dimension of 
layering or stacking screen units over one another. This is represented visually on 
screen through an illusionary transparent influence, which provides the advantage that 
there are possibilities to read the information in the background windows, if not 
interact with. Or the background information could be hidden by the environment in a 
simple way, for example, drawing a drop shadow effect over it to make the distinction 
apparent. 
The methods of 3D graphics are being used by some environments to project virtual 
three dimensional user interface objects onto the screen. These are usually displayed 
in science-fiction films (examples shown as below). As the development computer 
graphics hardware, its extended processing power helps to reduce the property of an 
obstacle to a smooth user experience. Nowadays, three-dimensional graphics are 
widely used in arts, computer-aided design (CAD) and computer games. A 3D 
computing environment could be functional as well in some other scenarios, such as 
aircraft design and molecular graphics. Some efforts have been done to build up a 
multi-user 3D environment, including the Croquet Project and Sun's Project Looking 
Glass. 
3.4.2.1 Technologies 
The manipulation of 3D graphics has become progressively ordinary in mainstream 
operating systems, from building up attractive eye candy interfaces to the functional 
purposes ones only probable using 3Ds. For instance, user switching is revealed by 
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rotating a cube whose faces are standing for each user's workspace, and windows 
management is demonstrated via a Rolodex-style flipping mechanism in Windows 
Vista. In these two cases, the operating system continues to update the content of 
those windows, and makes available changes for windows in real-time at the same 
time. 
Advanced 3D UIs have been carried out as well by interfaces for the X Window 
System through compositing windows managers such as Compiz, KWin and Beryl 
using the XGL or AIGLX architectures, being allowed for the usage of an OpenGL 
system to animate the users’ interactions with the desktop. 
A group of the 3D GUIs is another branch in the 3D desktop environment, which 
takes the desktop metaphor a step further such as Bump Top, and a user can fully 
make use of documents and windows as if they were "real world" documents, with 
physics and realistic movements. 
The Zooming UI (ZUI) is a related technology which ensures to deliver the 
represented benefits of 3D environments without their usability drawbacks of hidden 
objects and orientation problems. This is a series of logical advancement on the GUIs, 
which is blending some 3D movements with 2D or even "2.5D" vector objects. In 
2006, Hillcrest Labs introduced the first zooming user interface for television [17]. 
3.4.2.2 In science- fiction 
3D GUIs were first manipulated in movies or science fiction literatures before 
technically feasible in daily use. For instance, the 1993 American film Jurassic Park 
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features Silicon Graphics' 3D file manager File System Navigator, a real-life file 
manager for UNIX operating systems [14]. The film Minority Report has scenes of 
police officers using specialized 3D data systems [14]. In prose fiction, 3D user 
interfaces have been displayed as immersible environments like William Gibson's 
Cyberspace or Neal Stephenson's Metaverse [14]. Many futuristic imaginings of user 
interfaces rely heavily on object-oriented user interface (OOUI) style and especially 
object-oriented graphical user interface (OOGUI) style [18]. 
3.5 Previous Work 
The function of the GUI to be developed in this thesis is to allow the user to input 
necessary printing parameters during actual printing and these include printing pitch 
between dispensed droplets, gap between printed lines, the choice of the digital output 
channel for which the TTL signal is generated (the synchronizer has 8 of such 
channels) and printing origin, etc.  A prototype GUI was developed that only allows 
the user to control up to one dispensing unit and print one layer at a time. In order to 
perform multiple print head printing, its program has been modified (see Figure 3.3) 
to control up to 2 by keying in numerical values of 1 to 8 for each of the channel 
under the “Nozzle Index” box. The user has a choice of printing single line for 
optimizing printing pitch or multiple lines of various gaps for fabrication of a film of 
material. The print job for each dispensing unit can also be repeated if multiple layers 
of film of the same material are desired. This is done by inputting the desired number 
of layers in the “No of layers” box. 
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Figure 3.3 User interface for controlling of parameters during actual printing [19] 
A fixture is used to hold both the micro valve print head and piezoelectric-actuated 
print head onto the X-axis of the motion stage, as shown in Figure 3.4. 
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Figure 3.4 The motion stage used for printing experiments 
The printing origin is fixed for one print head. This is then used as a reference point 
for the starting position for the other print head. The operation of the first dispensing 
unit has to be completed before the second dispensing unit can be moved. While the 
program for printing using both dispensing units may only take a few micro seconds 
to run, during actual printing, it will take tens of seconds or even up to minutes to run 
the operation of one dispensing unit, depending on the complexity of the print job.  As 
such, before the first dispensing unit can complete its print job, the program for 
operating both dispensing unit has long finished running. Usually, this would lead to 
only the printing of the first dispensing unit with the other not moving at all. 
However, occasionally, this programming error can result in the stage not moving at 
all. In any case, this programming bug can impair the printing process. 
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Figure 3.5 Flow Chart for the operation of 2 different print heads in a single 
operation [19] 
The problem is solved by allocating a printing time for each dispensing unit for each 
layer of print. This is done by delaying the next printing operation for a specified 
duration, usually the time taken for the current print job plus the time taken for the 
dispensing unit to travel back to it printing origin.  The flow chart for the operation of 
the dispensing units is shown in Figure 3.5. 
By using the modified user interface, the author hope to develop a DOD, multiple 
nozzle, multiple material system, and come up with a framework for which future 
similar systems can be based on. Experiments on drop impact dynamics, optimization 
of material printing parameters and fabrication of multiple material capacitors on 
various substrates will be done using this system.  
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CHAPTER 4 THE DOD MACHINE SET-UP 
4.1 Hardware 
The GUI to be developed is mainly used in biomedical engineering experiments. 
Micro-fabrication is one of the important applications (including micro-fabrication, 
micro rapid prototyping, manufacturing of biosensor and DNA patterning) in micro-
droplet dispensing system. The GUI is designed according to the main users’ 
experimental requirements. 
4.1.1 Drop-on-Demand System 
The Drop-on-Demand system can be divided into 3 sections, the pneumatic system, 
the machine vision system, and the control system. The control system can be further 
divided into stage control, where placement of the droplets is controlled by moving 
the stage to the desired location; and print head control, where the pressure and other 
parameters of the droplets are controlled. The experimental set up being used 
currently uses the micro-valve print head. The machine vision system is developed by 
the author’s group member, and the author has considered their function as one 
extended function of this GUI during designing the entire GUI for this DOD system.  
4.1.2 DOD Micro-Printing Process 
Drop-on-Demand (DOD), which is one kind of micro-dispensing processes, is a layer-
by-layer manufacturing process. It owns the capability of generating two and three-
dimensional (2D and 3D) patterns or objects by dispensing liquid drops at desired 
location. It is flexible in dispensing a large variety of materials and can be applied to 
dispensing multiple materials with additional dispensing units.  
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The DOD dispensing system (see Figure 4.1) is designed for multiple materials 
dispensing, which includes pneumatic system to provide stable positive pressure, 
micro-valve units for dispensing, an XYZ stage controller to control the motion stage 
movements, and a vision system for real-time drop observation. 
 
Figure 4.1 Schematic diagram of multi-print head DOD micro-dispensing system 
[20] 
In this process, the XYZ motion stage is used to manipulate the movement of the 
dispensing units. The path of the nozzle is determined by the users with T-command 
user interface setting. The dispensers are fixed on z-axis. When the substrate moved 
to a set location, and material dispensing is dived through the driver signals. A 
consistent airflow for the individual print-heads is provided via an in-house-made 
pneumatic system. With an external visualization system (mounted CCD camera), the 
real-time droplet formation is recorded. To accelerate the drying process, we 
established an external heating system, which includes a resistance-heater and a 
thermocouple to monitor the temperature. The key component of the DOD technology 
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is the micro-valve, which controls the supplement and volume of fluid deposition. 
With an induced magnetic field, the internal piston is opened. During the process, the 
valve on-time is defined as the duration of valve opening. 
4.1.3 Micro-Dispensing system set-up 
Figure 4.2a shows the front view of the experimental setup, where the camera is 
mounted on the back of the motion stage [21]. The mounting position of camera 
fixture, droplet vision system, and substrate fixture are also indicated in Figure 4.2b. 
The vision system consists of a CCD camera, a LED driver, a LED array, and a 
computer monitor, to visualize the presence, consistency of droplets, and droplet 
formation in the air. 
 
(a) Front view                   (b) Side view 
Figure 4.2 Diagram of the experimental setup of DOD system [21] 
Figure 4.3 shows the schematic of multi-nozzle DOD system, which includes an XYZ 
precision stage made from Aerotech, a stage controller, two sets of dispenser and 
driver, a pneumatic system and controller, and a curing device and controller. The two 
dispensers are attached along the Z-axis with a fixed structure. The substrate is 
mounted on the XY stage. The stage position is real-time recorded by the encoders of 
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XYZ axes. When the XYZ stages arrive at the preset positions, the TTL trigger 
signals will be output from the stage controller, to activate the dispensing driver and 
subsequently to open the micro-valve for droplet ejection. The curing controller is 
applied to control the curing temperature and curing time at the same time to solidify 
the dispensed liquids placed on the substrate as soon as possible. For the pneumatic 
controller, it provides two outputs for the fabrication process: the stable positive 
pressure for liquid push and the purge pressure for cleaning of the accumulated liquid 
at the nozzle tip. With the proper set pressure and OOT signal, the liquid can be 
pushed out to form a droplet at the tip of the nozzle. 
 
Figure 4.3 Schematic diagram of the micro-dispensing system 
4.2 Software 
The developed system can be considered as the software of this experiment. With the 
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purpose of completing all the phases of the fabrication process and meet user’s 
requirements, Microsoft Visual Studio C# (“C Sharp”) is used as the working 
environment for Integrated Development Environment (IDE) with the OpenGL 3.0 
core specifications based on Sharp GL software. Visual Studio, as the best working 
environment for the Windows platform (Windows XP, Vista and Windows 7), is 
comprehensive, user-friendly, well documented and very fast, and easy to use. It is 
one of the appreciate approaches for developing, maintaining, debugging, testing and 
deploying the extended applications on the Windows platform. The IDE can provide 
the needed libraries and header files for the source code production of the project. 
4.2.1 Microsoft Visual Studio C# 
The C# programming language, which is developed as an component-oriented and 
object-oriented language [22], exists as part of Visual Studio .NET, a package that 
contains a platform for developing application for the Windows family of operating 
systems. Unlike other programming languages, C# owns the allowance to every piece 
of data to be treated as an object, employing the principles of object-oriented 
programming (OOP). C# provides construction for creating components with 
methods, properties, and events, which makes it an ideal language for twenty-first-
century programming, where building small and reusable components is much more 
important other than building huge and stand-alone applications. 
For the original GUI, C++ was used. But in this thesis, the author chooses C# to 
develop the GUI for this new DOD machine. The main reason is that C# is truly 
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object-oriented, and it is simpler to use than many other object-oriented languages, 
such as C++ and Java (also based on C++). And secondly, it is modelled after the C++ 
programming language, but some of the most difficult features to understand in C++ 
have been eliminated in C#. Furthermore, C# provides the additional convenience of 
passing by reference, making that the actual object can be altered by the method 
without a copy being passed back. Meanwhile, the group member who takes in charge 
of programming for hardware of this DOD machine has chosen C# to do hardware 
programming. Although C# is very similar to C++ and Java, C# becomes the first 
choice to develop a GUI system for the DOD machine in this thesis in order to keep 
corresponding to the hardware and be convenience to communicate with the DOD 
machine as well. Therefore, the author chooses Visual C# 2008 to develop this GUI 
system. 
4.2.2 OpenGL 
In this thesis, the author has designed additional functions for the GUI, simulation and 
monitoring based on OpenGL. 
As a common graphic interface developed by SGI [23], OpenGL allows the advanced 
graphical output and utilizes. Its interface is consisted with numeric constants and 
simple functions. The fact is that it only has the functions stored in a DLL, which 
makes the CLI capabilities for unmanaged code cooperation are much easier for us to 
use. However, there are quite a lot of pointers used in the interface, thus it is not 
suitable for the direct introduction of such functions [24]. 
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Functionality of the OpenGL library can be extended and/or simplified by other 
libraries such as the GLU [25] and the GLUT. The GLU contains set of functions that 
allows rendering of high-order primitives, such as parametric surfaces. It also 
provides support for more sophisticated transformation operation. The GLUT library 
[26] is a third-party toolkit that simplifies operating system cooperation tasks for the 
OpenGL. The essential part of the OpenGL is GL Extensions mechanism [27] that 
allows adding of a new functionality. New functionality is allowed to put into the 
system by anyone through defining new GL Extension. Nevertheless, in addition to 
new function, each extension could also modify values and functionality accepted by 
the present existed function. 
4.2.2.1 Introduction to OpenGL System 
According to the Architecture Review Board of OpenGL, Open Graphics Library 
(OpenGL) is a software interface linking to graphics hardware. The interface is made 
up of a group of hundreds’ functions and procedures which allow an engineer to 
specify the operations and objects during producing those graphical images with high-
quality, especially those color images of 3D objects. The graphics hardware is usually 
required to contain a frame buffer in majority of OpenGL system. Lots of OpenGL 
calls are only attributed to draw objects like points, lines or polygons; however, the 
method that these drawings take place is relying on the availability of an existing 
frame buffer. Furthermore, some of OpenGL is specifically concerned with frame 
buffer manipulation [28]. 
From a programmer’s point of view, the OpenGL graphics system is a series of 
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commands that permit the specification of geometric objects in 2Ds or 3Ds, and 
control how these objects are rendered into the frame buffer. In a large degree, 
OpenGL has provided a real-time interface, and that means an object can be drawn 
immediately if specified. A typical program manipulating in an OpenGL system 
commonly starts with calls to open a window into the frame buffer which the program 
will draw into. And then a GL context is required to allocate and associate with the 
window by the calls. Once these actions have been done, the OpenGL commands can 
be freely issued by the programmer. Some calls are manipulated to draw some simple 
geometric objects (i.e., points, line segments, and polygons), while the other ones 
influence the rendering of these primitives including how they are colored or lit and 
how they are mapped from the user’ s 2D or 3D model space to the 2D screen. There 
are also calls to effect direct control of the frame buffer, such as reading and writing 
pixels [28]. 
In the implementer’s views, the OpenGL graphics system is a set of commands that 
impact on the operation of graphics hardware. If the hardware is built up by only an 
addressable frame buffer, the OpenGL system must be implemented nearly wholly on 
the host CPU. The graphics hardware may consist of varying degrees of graphics 
acceleration from a raster subsystem capable of rendering 2D lines and polygons to 
sophisticated floating-point processors capable of transforming and computing on 
geometric data. The main task of the OpenGL implementer is to supply the CPU 
software interface while dividing the work actions for each OpenGL command 
between the graphics hardware and the CPU. During carrying out the OpenGL calls, 
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this dividing action must help the available graphics hardware to obtain optimum 
performance. OpenGL preserves a considerable amount of state information which 
helps to operate how to draw objects into the frame buffer. Among this state 
information, some is available for the users to make calls to obtain its value directly, 
while some is visible only by the effect it has on what is drawn. One of the main goals 
of this specification is to make OpenGL state information explicit, to elucidate how it 
changes, and to indicate what its effects are [28]. 
Moreover, In Mark Segal and Kurt Akeley’s opinions, who are the creators of the 
OpenGL standard, OpenGL system is considered to be a state machine which controls 
a set of specific drawing operations. This model should generate a specification 
satisfying the requirements of both programmers and implementers. However, it is 
unnecessary to provide a model for an implementation, which must produce results 
conforming to those produced by the specified methods; otherwise, there may be 
ways to carry out a particular computation that are more efficient than the one 
specified [28]. 
The basic operations of the OpenGL state machine can be concluded as following. 
OpenGL system is concerned only with rendering into a frame buffer (and reading 
values stored in it). Sometimes, there is no support for other peripherals associated 
with graphics hardware, such as mouse and keyboard. Programmers usually obtain 
user’s input depending on other mechanisms. The OpenGL draws primitives (point, 
line segment, polygon, or pixel rectangle) subject to an amount of selectable modes. 
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And each mode may be altered independently; the setting of one hardly impact on the 
settings of others, although many modes could interact to determine what eventually 
ends up in the frame buffer. Modes are set, primitives are specified and other OpenGL 
operations are also given a description by sending commands in the form of procedure 
calls or functions. 
A group of vertices have made a definition for primitives. A vertex represents a point, 
an endpoint of an edge, or a corner of a polygon where two edges meet. Data (such as 
colors, positional coordinates, texture coordinates and normal) are associated with a 
vertex, and each vertex is processed in order, independently, and in the same way. 
However, there is only one exception to the mentioned rules as above. That is if the 
group of vertices must be clipped in order to make the primitive indicated to fit within 
a region specified; in this case vertex data would be modified and new vertices 
created as well. Meanwhile, the type of the clipping relies on the sort of primitives 
represented by the set of vertices. Commands are usually being processed in a regular 
order that they are received, although the influences of a command are able to be 
realized only after an indeterminate delay occurs. This means, taking an example here, 
that any subsequent primitive can only impact on the frame buffer after completely 
drawing one primitive at first. It also means that queries and pixel read operations 
return state consistent with complete execution of all previously invoked OpenGL 
commands, except where explicitly specified otherwise [29]. The OpenGL provides 
direct control over the fundamental operations of 3D and 2D graphics [29], including 
specification of such parameters as antialiasing methods, lighting equation 
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coefficients, transformation matrices, and pixel update operators. But a method for 
modeling and describing a complex geometric object cannot be provided. Another 
way to describe this situation is to say that the GL provides mechanisms to describe 
how complex geometric objects are to be rendered rather than mechanisms to describe 
the complex objects themselves [28]. 
4.2.2.2 Comparison with other software 
Before developing this GUI, some surveys on how to carry out the functions of 
simulation and monitoring have been done. And many other methods to show the 
additional functions of this GUI have been tried. There are usually some other 
software to carry out these functions, such as DirectX. As widely used application 
programming interface (API), both OpenGL and DirectX are good choice to do three-
dimensional effects. However, OpenGL is chosen to develop additional functions for 
the following reasons: 
1) As an API, OpenGL has stronger portability than Direct X. And OpenGL is 
defined to be an interface which can be used for the cross-programming 
language and cross-platform programming. At the same time, it can be carried 
out based on both 3D image and 2D image as "Open Graphical Programming 
Interface". From applications in the past examples, it is able to be independent 
from the Windows operating system or other operating systems, and especially 
it is a software interface which is not related to the hardware. Therefore, 
OpenGL can be shifting between platforms, such as Windows XP, Windows 7, 
UNIX, Linux and so on. By comparison, DirectX can only be used for the 
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Windows operating system due to its poor portable. It is an API based on the 
Windows platform which allows games or multimedia programs based on 
Windows operating system to obtain a higher efficiency of implementation. 
Therefore, users in lab can operate the DOD machine via any operating system 
they prefer, especially for Mac users. 
2) As a 3D graphics API library, OpenGL is much simpler than DirectX, and it is 
easier for the author to select useful functions during developing a GUI. 
OpenGL is only a bottom 3D graphics library, which is a professional 3D 
programming interface with multi-functions and convenient to be called. 
There are some other advanced graphics libraries based on OpenGL which can 
be adapted to different applications. OpenGL is designed to be an output only; 
as a result, it only applies render function. Then it is unable to form a 
conception of input devices for the core API, such as window systems, audio, 
printing, keyboard, and mouse. Contributed by this design, it can be allowed 
the code rendered by OpenGL entirely running apart from the operating 
system, and even allowed to develop in cross-platform. In contrast, DirectX is 
a functional and widely used graphics API developed by Microsoft. And it 
contains many components such as Direct Input, Direct Graphics (EP Direct 
3D and Direct Draw), Direct Sound, Direct Hay, Direct Setup, Direct Show, 
and Direct Media Objects. Although DirectX provides a set of multimedia 
interface solutions which are widely taken into the developing games, yet it 
makes the procedure of developing a GUI much more complicated. Then users 
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in lab will also feel confused about the function of the GUI designed for DOD 
machine. 
3) OpenGL is more flexible to show a scene than DirectX, although DirectX is 
more convenience to do so. OpenGL is the underlying graphics library of 3D 
graphics, and no geometric entities can be supplied. Therefore, OpenGL is 
unable to describe a scene directly. However, through some conversion 
process, DFX and 3DS models which are produced by 3D graphics design 
software such as Pro/Engineering, AutoCAD and 3DS, can be easily converted 
into OpenGL data files. Geometric entities provided by DirectX are triangles. 
Any drawings of DirectX geometry are formed by group of triangles. Due to 
their flexibility, the author realizes that OpenGL will be better to show a scene 
of simulation and monitoring processes when users do experiments. Therefore, 
the users can draw a two-dimensional or three-dimensional working platform 
via graphics design software at first, and then call by GUI via OpenGL 
functional render components. And through this method, the work scene can 
be obtained more familiar with the real one. 
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CHAPTER 5 DESIGN AND DEVELOPMENT OF THE DOD 
GUIs BASED ON OPENGL 
5.1 Design Method 
User interface design is a subset of a field of study called human-computer interaction 
(HCI) [30]. Human-computer interaction is the study, planning and design of how 
people and computers work together so that a person’s needs are satisfied in the most 
effective way. Therefore, a variety of factors must be considered, such as the 
requirement people want and expect, the physical limitations and abilities, how their 
perceptual and information processing systems work, and what people find enjoyable 
and attractive. Meanwhile, it must take the technical characteristics and limitations of 
the computer hardware and software into considerations during the designing process. 
The user interface is part of the computer, and it is software that people can see, hear, 
touch, or talk to. The user interface has essentially two components: input and output 
[30]. Input is the way how people communicates their needs or desires to the 
computer. Output is the way how the computer conveys the results of its computations 
and requirements to the users. In this thesis, the input of this GUI is keyboard. User 
can only key in the required parameters into text boxes by the keyboard, and then the 
GUI will follow the programming in the system. The output of this GUI is display 
screen and machine stage. 
5.1.1 Users’ requirements for GUI design 
In this thesis, GUI is designed according to the users’ requirements based on their 
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experiments. It should be noted that there are some important processing parameters 
in the experiments which are mentioned in the next several paragraphs. 
Firstly, positive pressure is required to be applied during dispensing process, to push 
the fluid to the nozzle. The dispensing process greatly depends on the viscosity of the 
fluid. A larger pressure is required for the fluid with higher viscosity. If a lower 
pressure is set, the fluid will accumulate with time around the nozzle orifice, forming 
large droplet due to the low pushing force. On the other hand, if a higher pressure is 
set, the fluid stream will be jetted out in spray form rather than forming droplets in a 
single series. For a particular fluid, the range of the operating pressure shall be 
investigated. The positive pressure will also affect the dispensed droplet volume. Thus, 
the pressure fluctuation has to be reduced as much as possible so as to maintain the 
consistency during dispensing. In this case, the constant positive pressure has already 
been guaranteed by the developed pneumatic system. 
Secondly, the valve on-time is the most crucial parameter in the dispensing process. 
This parameter will result in the variation of dispensing volume, as more fluid will be 
allowed to pass through the valve for a longer valve on-time. For a specific fluid, the 
dispensing volume during the same valve on-time will vary with the profiles of the 
fluid. 
Thirdly, the nozzle-substrate distance is another important parameter during the 
dispensing process. The distance between the nozzle orifice and the substrate is 
relevant in reducing the interference from the environment. An increment in the 
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height would result in a more dispersed and non-uniform droplet shape due to the long 
duration of velocity acceleration. 
Furthermore, the number of droplets is also a parameter that playing an important role 
in dispensing process. It aims to acquire a relatively larger dispensing area. However, 
it will influence the droplet shape and induce non-uniformity in the layer thickness. 
Finally, curing temperature is the fifth parameter that tends to affect the dispensing 
process. It is defined as the heating temperature of the substrate which can speed up 
the solidification process of the droplet. It will affect the droplet solidification process, 
thereby influencing the droplet profile such as the shape uniformity and layer 
thickness. 
In addition to the above parameters, there are also other basic requirements such as 
printing point, printing single line, printing multiple lines, printing single layer, 
printing multiple layers and so on. The details of each function will be discussed and 
expressed in the following sections. 
5.2 Procedure of Development of GUI 
An interface must really be an extension of a person [30]. This means that the system 
and its software must reflect a person’s capabilities and respond to his or her specific 
needs. It should be useful, accomplishing some business objectives faster and more 
efficiently than the previously used methods or tools. It must also be easy to learn, 
because people want to do, not learn to do. Finally, the system must be easy and fun to 
use, and evoke a sense of pleasure and accomplishment, not tedium and frustration. At 
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the same time, the interface should serve as both a connector and a separator: a 
connector in that it ties the user to computer, and a separator in that it minimizes the 
possibility of the participants damaging one another. 
The design goals in creating a GUI are described as followings: accessibility, 
aesthetically pleasing, availability, clarity, compatibility, configurability, consistency, 
control, directness, efficiency, familiarity, flexibility, forgiveness, immersion, 
obviousness, operability, perceptibility, positive first impression, predictability, 
recovery, responsiveness, safety, simplicity, transparency, trade-offs and visibility. 
There are 14 development steps which are expressed in the order below. This 
organization scheme enables all the interface design activities to be addressed easily, 
clearly and sequentially. 
1) Know the user’s requirements; 
2) Understand the business functions; 
3) Understand the principles of good interface and screen design; 
4) Develop system menus and navigation schemes; 
5) Select the proper kinds of windows; 
6) Select the proper Interaction Devices; 
7) Choose the proper screen-based controls; 
8) Write clear text and messages; 
9) Provide effective feedback and guidance and assistance; 
10) Provide effective internationalization and accessibility; 
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11) Create meaningful graphics, icons, and images; 
12) Choose the proper Colors; 
13) Organize and layout windows and pages; 
14) Test, test and retest. 
5.3 General Design and Development of GUI 
5.3.1 Overall design 
As shown in Figure 5.1, several functional pages and components:  LED display 
controls, main parameters display windows, OpenGL display windows, and functional 
buttons, have been designed. 
 
 
Figure 5.1 Overview of GUI 
5.3.2 LED Display Controls Design 
In Figure 5.2, the LED display controls are designed to show real-time positions of 
XYZ-axis stage.  
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Figure 5.2 LED display controls 
5.3.3 Main windows design 
In experiments, both micro-valve and piezoelectric print head nozzles are used. 
Sometimes, the user will choose only one of them for experiments. Sometimes, the 
user could choose more than one of them for experiments (maybe two, three or four 
nozzles). In order to make the experiments successful, all parameters must be set 
clearly and accurately by the user. Four web pages were designed for each nozzle, and 
the user can input parameters for each nozzle separately as well. Meanwhile, the 
function of this user interface is to allow the user to input necessary printing 
parameters. These parameters are indicated for each nozzle in Figures 5.3, 5.4, 5.5, 
and 5.6, respectively. Units of position are in millimeter (mm). 
 
Figure 5.3 Webpage of Micro-valve Nozzle 1 
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Figure 5.4 Webpage of Micro-valve Nozzle 2 
 
 
Figure 5.5 Webpage of Piezoelectric Nozzle 1 
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Figure 5.6 Webpage of Piezoelectric Nozzle 2 
In the above figures, there are two main functional parts: position settings and 
printing settings. In position settings, user needs to input the parameters of original 
point and first line. In printing settings, user is required to set the actual printing 
parameters including printing pitch between dispensed droplets, gap between printed 
lines, the choice of the digital output channel for which the TTL signal is generated 
(the synchronizer has 8 of such channels), number of lines to be printed, and number 
of layers to be printed.  As mentioned in previous chapter, this is a multi-nozzle DOD 
machine. In order to perform multiple print head printing, numerical values of 1 to 8 
for each of the channel under the “Nozzle Index” box are expected to be keyed in to 
control up to 2 in this current work. If one micro-valve nozzle and one piezoelectric 
nozzle are both used in the same experiment, the original point is the printing origin, 
which is fixed for one print head. This point is considered to be a reference point for 
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starting position for the other print head. During experiment, the user has a choice of 
printing single line for optimizing printing pitch or multiple lines of various gaps for 
fabrication of a film of material. The print job for each dispensing unit can also be 
repeated if multiple layers of film of the same material are desired. This is done by 
inputting the desired number of layers in the “No of layers” box. When these two 
nozzles are working together, the operation action of the first dispensing unit has to be 
completed before the second dispensing unit can be moved. While the program for 
printing using both dispensing units may only take a few micro seconds to run during 
actual printing, it will take tens of seconds or even up to minutes to run the operation 
of one dispensing unit depending on the complexity of the print job.  As such, before 
the first dispensing unit can complete its print job, the program for operating both 
dispensing unit has long finished running. Usually, this would lead to only the 
printing of the first dispensing unit with the other not moving at all. However, 
occasionally, this programming error can result in the stage not moving at all. In any 
case, this programming bug can impair the printing process. 
Furthermore, as mentioned in the beginning of this chapter, there are five 
interdependent parameters influencing the experiment result. Besides these five 
parameters, there are also some other parameters. According to user’s requirements, 
“Settings” page has been designed as shown in Figure 5.7. There are two main 
functions in this webpage. Firstly, it is developed for the user to make records for 
these important data during experiments. Therefore, through comparison between 
different data value in the experiments, the user can easily assure the most proper one 
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among these data. Secondly, it is expected that the user can choose which nozzle and 
how many nozzles to be used in experiment, and the chosen options will be linked to 
the named webpage. The chosen nozzles can work following the designed program. 
Meanwhile, the user can also make a record of working nozzles. When the user 
analyses the experiment result, it can be used to remind the user. 
 
Figure 5.7 Webpage of settings 
As required, the DOD machine has a camera. A Machine Vision for this printing 
system was developed by other group members. A webpage is designed for linking the 
printing system with this machine vision system as shown in Figure 5.8. This part of 
work will be done by other group members in future as well. A sample interface was 
proposed to be designed for their future reference. 
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Figure 5.8 Webpage of camera vision 
5.3.4 OpenGL display window design 
Besides GUI presented in the previous sections, simulation and monitoring are two 
additional functions. An OpenGL display window was developed as shown in Figure 
5.9 to achieve these two functions in the field of applications. When the user conducts 
simulation before experiment, nozzle working track will be simulated in this window, 
and the values of XYZ-axis position can be shown in LED display controls. Through 
analyzing the obtained data and image, the user can successfully judge whether the 
settings are correct or not. After confirming the settings, the experiments can be 
conducted. At the same time, the actual working track also can be shown in this 
system, as this is monitoring function. This OpenGL system is designed to avoid 
accident and also to reduce the error and mistakes in experiments. 




Figure 5.9 OpenGL display windows 
5.3.5 Functional buttons 
Every user interface has at least one button which enables a user to invoke a function 
with a click of the mouse. There are two sorts of buttons that can be chosen in this 
GUI: simple button and check button. Comparing with these two sorts functional 
buttons, check button is selected to take into developing this GUI in order to avoid 
double clicks and clicks by mistake during experiments. 
 
1) “Home” Button 
There is a “Home” button as shown in Figure 5.10. Before the experiment, the XYZ-
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axis stage is designed to move back to the origin of the machine coordinate by 
clicking on “Home” button. At the same time, the LED system is supposed to show 
the XYZ- axis values, and the user can judge whether there is a need to do a 
calibration for machine. The author has chosen check button in developing process. 
The user is expected to click on this button once, and this button is going to turn gray 
color, the XYZ-axis stage will move back to the origin of machine coordinate. While 
the user clicks on this button for second time, this button will turn to normal. 
However, the XYZ-axis stage will stay at the same point as before. As a result, this 
design can avoid the click by mistake during experiment which may cause error or 
accident in the experiment. 
 
 
Figure 5.10 Home button 
2) “Simulation” Button 
Figure 5.11 shows a “Simulation” button in the GUI system. After inputting all 
parameters in the Main GUI Windows, the user can click on this button to implement 
the simulation. Once the user clicks on this button, only “Stop” and “Pause” buttons 
are supposed to halt the simulation. Other buttons are expected to turn gray and 
unable to be pressed by the user. If there is an error in simulation process, the user can 
click on “Stop” or “Pause” buttons and check the parameters. After simulation, the 
user can click on this button again, and all buttons will turn to normal.  
 
  55 
 
 
Figure 5.11 Simulation button 
3) “Run” Button 
Figure 5.12 shows the “Run” button in the GUI. Once the user clicks on this button, 
the DOD machine is able to run following the user’s commands. Due to safety reason, 
the author also designs this button to be a check button. When the user clicks on this 
button, only “Stop” and “Pause” buttons can halt the operation and other buttons are 
supposed to turn gray and unable to respond. Only when the user clicks on “Run” 
button a second time, then all buttons can be used again. 
 
Figure 5.12 Run button 
4) “Move” Button 
Figure 5.13 shows the “Move” button that is needed to move the XYZ-axis stage to a 
specified position in short time while doing experiments. After clicking on this button, 
only “Stop” and “Pause” buttons are allowed to be pressed by the user, and all other 
buttons are designed to turn gray and unable to respond until clicking on “Move” 
button for second time. The user is required to input parameters in the area of original 
point as shown in Figure 5.14.  
Furthermore, there is a group of “Radio” buttons in Figure 5.14 (also see Figure 5.15). 
Radio buttons are used to offer the user a selection of working axis. Once selected, 
when the user clicks on “Move” button, only the selected working axis can be moved 
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to the specified position. At the same time, the text box of unselected axis is expected 
to turn gray and unable to key in any parameter until clicking on the “Radio” button 
again. 
 
Figure 5.13 Move button 
 
 
Figure 5.14 Original point 
 
 
Figure 5.15 Radio button 
 
5) “Stop” Button 
Figure 5.16 shows the “Stop” button in the GUI, which is used in case of emergency. 
Meanwhile, in order to avoid clicking it by mistake, the “Stop” button is also designed 
to be a check button. When the user clicks on this button, all other gray buttons are 
designed to turn normal, and machine will move back to original point of the machine 
coordinate. At the same time, the programs in backstage is also supposed to be back to 
the beginning of the program. 
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Figure 5.16 Stop Button 
 
6) “Pause” Button 
Figure 5.17 shows the “Pause” button in this GUI. During experiment, the user 
perhaps needs to check the printing materials and nozzles, and the user also may 
doubt whether there is an error or a mistake. The function of this button is to break off 
for the present operation, and they are being able to restart from the pause when the 
user clicks on the button again. During breaking off period, the user can check 
everything to assure safety. If there is something wrong with the experiment process, 




Figure 5.17 Pause button 
 
7) “Progress Bar” 
Figure 5.18 shows the “Progress Bar”, in which the progress of the experiment will be 
shown. The user can make a decision of what to do during this experiment process. 
For instances, making preparation for next experiments, writing down the result of 
each printing, doing analysis report and so on. 
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Figure 5.18 Progress Bar 
 
8) “Timer” 
All the controls in above mentioned buttons can be seen and interacted. But not all 
controls should have this capability or restriction. The “Timer” control shown in 
Figure 5.19 is one of example. “Timer” control is invisible at runtime, and its sole 
purpose is to trigger the event at a specified time interval. So it is added to the gray 
area at the bottom of the screen rather than placed on the form. Its interval property is 
specified in milliseconds. In this thesis, the author has set 45000 milliseconds (45 
seconds) for this GUI system. This setting can be changed according to the 
experiments. 
 




In Figure 2.20, this flow chart shows current GUI’s working process in DOD system. 
After inputting all parameters needed in experiment, “Simulation” button is pressed to 
conduct its simulation function. Coordinate value of nozzle print head positions will 
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be shown in LED area. When the process has been confirmed correctly, it is required 
to press “Run” button to do real printing. This is a multi-nozzle DOD machine, so the 
flow chart mainly reflects its multi-nozzle printing performance. It can be seen that 
there are two timers in this GUI in order to delay dispensing process. One important 
reason is to avoid process conflict during printing time. Another reason is to let the 
finished layer dry out completely. 
 
Figure 5.20 Flow Chart of GUI Workflow in Multi-Nozzle Application 
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5.4.2 Examples of Simulation and Monitoring 
In Figure 5.21, single layer simulation and monitoring are shown. Its first line’s 
starting position is (0, 0, 67) while its end position is (0, 100, 67). Number of printing 
lines is set 200. When “Simulation” button is pressed, the supposed process track is 
displayed in OPENGL Display Windows. Coordinate value is also displayed 
respectively in LED Display Windows. Meanwhile, “Run” and “Move” buttons turn 
to grey so they are unable to use by mistakes. If there is something wrong during 
setting parameters, supposed picture cannot be obtained during simulation process, 
therefore, it is easy to figure out the problem and solve it. After simulating 
successfully, “RUN” button can be pressed to conduct real printing. During real 
printing, LED control part can display position information, and the picture is also 
formed gradually according to the program.  
 
Figure 5.21  Single Layer Simulation and Monitoring 
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Usually, it is required to print multi-layers in an experiment. It is a need to do 
simulation and monitoring for multi-layer printing. As shown in Figure 5.22, there are 
altogether 20 layers in this experiment. The process is the same as single layer 
simulation and monitoring. However, printing time is an effect which may cause error 
in experiment.  
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 
6.1 Conclusion 
6.1.1 Development of Multiple Nozzle DOD Inkjet Printing system  
This thesis presents the development of a graphic user interface for a multiple nozzle, 
multiple materials dispensing DOD IJP system. And it also has discussed the 
development of this DOD system. This corresponding user interface has also been 
programmed to allow user to input printing parameters to related hardware of the 
system. This system is capable of printing devices of multiple 2D layers with each 
layer consisting of different materials. In the past, the system is unable to dispense 
different materials within a single layer, making choices of fabricated devices limited. 
However, the new system currently can dispense different materials within a single 
layer through technique method.  
6.1.2 Development of Graphic User Interface for DOD machine 
Although this GUI is still inflexible in printing complicated objects, yet it satisfies the 
basic needs of a user’s daily use in experiments. Firstly, it has solved the previous 
problem that previous user interface does not allow the user to print different 
materials within a single layer. Current GUI can help the user to do multiple materials 
experiment on the DOD machine. It has been designed in such a way that an 
individual webpage is for each nozzle (currently there are 4 nozzles altogether). 
Secondly, it allows for precise distribution of printing materials at different location 
within the layer. Thirdly, there is a setting webpage for user to make records of 
experiment data. Furthermore, OpenGL Windows has been developed for this GUI, in 
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order to carry out new functions in GUI:  simulation and monitoring. Finally, this GUI 
is designed to provide a platform for connecting a Machine Vision system developed 
by the group members of the author. This platform is only a link to their designed 
forms, but the user can operate these two systems in one GUI rather than in different 
one. 
6.2 Recommendations     
The current user interface is still quite inflexible in printing complicated objects in 
experiments. In future, some other printing parameters can be added into the GUI, 
such as printing angles. Secondly, the OpenGL system is unstable and also without a 
pretty look during simulation. Its position image shown in the OpenGL Windows can 
be clearer if developed by Pro/Engineering (Pro/E) and AutoCAD. The author 
recommends that a DOD system can be drawn by AutoCAD in advance, and imported 
into Pro/E to do a 3D model and also do rendering for a 3D vision, and finally called 
into OpenGL. By doing so, OpenGL can be used more effectively and accurately 
when doing simulation and monitoring. Thirdly, this GUI is designed to create a 
platform for Machine Vision System. The author thinks that an interface can be 
developed based on this GUI, and the image can be shown in Camera Vision webpage 
directly rather than being linked to the specified one separated from the main GUI. As 
a result, it is able to be more convenient and simpler for user to operate during 
experiments. 
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